There are four extant species of horseshoe crabs: Limulus polyphemus, distributed along the eastern coast of North America and the Gulf of Mexico, and Tachypleus gigas, T. tridentatus, and Carcinoscorpius rotundicauda, distributed in the Indo-Pacific region. These species of horseshoe crabs, in spite of their wide geographic distribution, exhibit few morphological differences, and are also very similar to a fossil specimen (Mesolimulus walchi) found in the Jurassic lithographic shale of Germany (Sekiguchi and Sugita, 1980) . This implies that horseshoe crabs, now reputed as living fossils, have maintained their morphology for the past 150 million years or more (Fisher, 1984) .
The morphological similarity among the horseshoe crabs has given rise to much difficulty in elucidating phylogenetic relationships among the horseshoe crab lineages. Many non-morphological characters have consequently been amassed and have resulted in at least a partial resolution of the horseshoe crab phylogeny. It is generally agreed that the Atlantic species, L. polyphemus, is a sister taxon to the three Indo-Pacific species. This is supported from serological evidence (Shuster, 1962) , phylogenetic analyses of amino acid sequences of coagulogen and the fibrinopeptide-like peptide C (Shishikura et al., 1982; Srimal et al., 1985 ; (Avise et al., 1994) . For example, the mostparsimonious (MP) tree from the 16S rRNA gene and one of the two MP trees from COI grouped T. gigas with T. tridentatus, but alternative topologies grouping T. gigas and C. rotundicauda together or grouping T. tridentatus and C. rotundicauda together are only two and four steps longer. In addition, the other MP tree from COI grouped T. gigas with C. rotundicauda as a monophyletic taxon. Such a confusing array of conflicting results has led to the conclusion that the three species constitute a phylogenetically unresolvable trichotomy, resulting from a cladogenetic process in which all three Indo-Pacific species formed within a short geological time (Avise et al., 1994) .
The molecular phylogenetic study of horseshoe crabs by Avise et al. (1994) has several shortcomings when judged by today's standards of data analysis. First, the phylogenetic methods (parsimony and UPGMA) used in the paper are known to generate biased estimates of phylogenetic relationships (Kuhner and Felsenstein, 1994; Li, 1997; Takezaki and Nei, 1994) . Second, there was no study of the substitution patterns of nucleotide and codon sites of the two mitochondrial genes (16S rRNA and COI). Without such a study, an investigator choosing phylogenetic methods is prone to errors. Third, the phylogenetic methods used in previous studies prevent researchers from evaluating quantitatively the relative statistical support of various phylogenetic hypotheses. Without such an evaluation, very little can be said about reliability of the best tree or the resolution power of the data set (Kishino and Hasegawa, 1989; Kishino et al., 1990; Penny and Hendy, 1986) . Fourth, the third codon positions of the COI gene were discarded in the MP analysis, presumably because of substitution saturation. However, no effort is spent on checking the extent of substitution saturation. As I will show later, the third codon positions of the COI gene still retain useful phylogenetic information and contribute to a better phylogenetic resolution. Fifth, there was no outgroup species for the COI-based tree. Sixth, no nuclear gene was included in the study. All these suggest the necessity of a more up-to-date phylogenetic analysis of an expanded data set. In this paper I will show that phylogenetic relationships among the horseshoe crab species can be sufficiently resolved with available mitochondrial and nuclear genes.
MATERIALS AND METHODS
Nucleotide sequences of two partial mitochondrial genes (16S rRNA and COI) and amino acid sequences of a nuclear gene (encoding coagulogen) were used in this study. For mitochondrial genes, a tick, Ixodes hexagonus (Black and Roehrdanz, 1998 ) and a brine shrimp, Artemia franciscana, were used as outgroups. Two complete 16S rRNA sequences from the brine shrimp have been reported (Black and Roehrdanz, 1998; Palmero et al., 1988) , differing in two transitions and three indels, but these differences do not alter their phylogenetic relationship with the horseshoe crabs and the tick because four of the five changes are unique in the brine shrimp sequence. Only one 16S sequence (Palmero et al., 1988 ) is used in this study. For the coagulogen gene, only the amino acid sequences from the four species of horseshoe crabs were analyzed, because I could not find an outgroup species in GenBank. The species and genes with their GenBank Locus names are listed in Table 1 .
Sequence alignment is straightforward for the COI gene and the coagulogen gene, but more complicated for the 16S gene. I used CLUSTALW (Thompson et al., 1994) to do preliminary alignment and then used the published secondary structure for termite 16S rRNA (Kambhampati et al., 1996) for further adjustment. Two segments are virtually impossible to align and are not included in the phylogenetic analysis. The aligned sequences of both genes can be found at http://web.hku.hk/~xxia/ research/data/data.htm and at the Systematic Biology web site (www.utexas.edu/ ftp/depts/systbiol/).
The tree to be resolved is (Outgroup1, Outgroup2 (L. polyphemus, T. gigas, T. tridentatus, C. rotundicauda)), with 15 possible topologies for the four species of horseshoe crabs. I have previously outlined evidence showing that the Atlantic species, L. polyphemus, is a sister taxon to the three Indo-Pacific species. Including L. polyphe-were used to evaluate alternative phylogenetic hypotheses.
The validity of phylogenetic analyses, especially those involving the dating of speciation events, depends much on our understanding of substitution patterns (Lockhart et al., 1996; Yang, 1996a) . To understand substitution patterns, we need to know how each site of nucleotide or amino acid sequences has changed during evolution. The empirical pattern of substitution is often obtained by doing all possible pairwise comparisons. Such comparisons, however, are not statistically independent and could introduce biases (Felsenstein, 1992; Nee et al., 1996; Xia et al., 1996) . For example, if one species has recently experienced a large number of A ® G transitions and few other substitutions, then all pairwise comparisons between this species and the other species will each contribute one data point with a large A « G transition bias.
One way to avoid such a problem of nonindependence is to reconstruct ancestral states of DNA sequences and estimate the number of substitutions between neighboring nodes on the phylogenetic tree (Gojobori et al., 1982; Tamura and Nei, 1993; Xia, 1998a; Xia et al., 1996; Xia and Li, 1998) . Reconstruction of ancestral states using the maximum likelihood method was performed by the BASEML program in the PAML package (Yang, 1997a) .
As will be shown later, the two mitochondrial genes show substantial rate heterogeneity among sites, and substitution models with gamma-distributed rates were used to accommodate such rate heterogeneity. The results based on these models were compared with those from substitution models, assuming equal rates among sites. mus in the ingroup in this study, rather than using it to root the three Indo-Pacific species, is for a special purpose. The mitochondrial genes, which typically have a rapid evolutionary rate, are often plagued by substitution saturation. I included the L. polyphemus in the ingroup just to see if the two mitochondrial genes can still identify the root given the long time of divergence between the outgroup and the ingroup.
Maximum likelihood values for the 15 possible topologies were obtained by using the PAML package (Yang, 1997a) with the BASEML program for the 16S rRNA gene, and with the CODEML program for the COI gene. The nucleotide-based substitution models, such as the F84 model in the DNAML program in the PHYLIP package (Felsenstein, 1993) , the HKY85 model (Hasegawa et al., 1985) , the TN93 model , and the general time-reversible model (REV; Yang, 1994a) were used with the BASEML program. A recently developed codon-based model (Yang et al., 1998) was used for the codon-based phylogenetic reconstruction. For the analysis involving the amino acid sequences of coagulogen, the empirical substitution matrix (Jones et al., 1992) was used. The amino acid-based model is designated as the JTT-F model.
The relative support for each of the 15 phylogenetic hypotheses was evaluated by using the RELL method (Kishino and Hasegawa, 1989; Kishino et al., 1990) , which has been implemented in the RELL program in the PAML package (Yang, 1997a) . The difference in maximum likelihood between the best tree and other trees, the standard error of these differences, and the estimated bootstrap probabilities for the 15 topologies This comparison is important because models with gamma-distributed rates, although providing better fit to observed substitution patterns (Yang, 1993 (Yang, , 1994b Yang and Kumar, 1996) , do not necessarily produce better phylogenies than those models that assume no rate heterogeneity among sites (Yang, 1997b) .
RESULTS AND DISCUSSION

Phylogenetic Analysis of the 16S Gene
The validity of phylogenetic analyses depends much on our understanding of the underlying substitution patterns that govern the evolution of nucleotide or amino acid sequences. A substitution model typically has two categories of parameters for describing a substitution pattern (Kumar et al., 1993; Li, 1997; Yang, 1997a) : the rate ratio parameters (often symbolized by a , b , d , g , etc.), which specify the relative frequencies of different kinds of substitutions, and the frequency parameters (i.e., p A , p C , p G , and p T ), which are nucleotide frequencies. Intuitively, we expect more realistic substitution models to offer better phylogenetic resolutions.
I examined the substitution pattern of the six species by reconstructing ancestral states based on the following partially specified tree: (A. franciscana (I. hexagonus(L. polyphemus, T. tridentatus, T. gigas, C. rotundicauda) )). Pairwise comparisons were made between neighboring nodes along the branches, and two features are apparent. First, transitions occur more frequently than tranversions, which is easy to accommodate by using either the F84 or the HKY85 model. Second, the transition/ transversion ratio is not constant along different branches. For example, the branch leading to A. franciscana experienced 26 transitions and 4 transversions, whereas the branch leading to I. hexagonus registered 50 transitions and 49 transversions. For this reason, I used the HKY85 model implemented in the BASEML program that allows estimation of one transition/transversion ratio (k ) for each branch (i.e., nhomo = 2 in the control file for BASEML).
The results (Table 2 ) support topology 4, in which L. polyphemus is the sister group of the three Indo-Pacific species and T. gigas and C. rotundicauda form a monophyletic group ( Fig. 1 and Table 2 ). The RELL sup-90 SYSTEMATIC BIOLOGY VOL. 49 TABLE 2. Likelihood statistics for the 16S rRNA gene. The OTUs are represented by two letters that are the initials of the genus and the species names (e.g., Lp stands for Limulus polyphemus). l i 5 likelihood value for topology i; l max 5 the largest likelihood value, being equal to 2 1348.632; SE 5 standard error for the difference l i 2 l max ; P(RELL) 5 estimated bootstrap probability expressed as percentage values. Results based on HKY85 model with separate transition/transversion ratios for different branches. The topologies are rooted by Ixodes hexagonus and Artemia franciscana. several advantages over nucleotide-based models for protein-coding DNA sequences. Nucleotide-based models are inherently awkward in describing substitution patterns in protein-coding genes because the substitution rate at nucleotide sites of a protein-coding gene depends not only on whether the substitution is a transition or transversion and whether the site is located in a functionally important segment or not, but also on codon-specific properties, such as the codon position at which the site is, whether the substitution is synonymous or nonsynonymous, and how similar the two amino acids are to each other when the substitution is nonsynonymous. (Xia, 1998a; Yang, 1996b) . In short, the nucleotide-based substitution model cannot handle the complexity of substitutions involving codons. Several codon-based models have recently been proposed (Goldman and Yang, 1994; Muse and Gaut, 1994; Yang et al., 1998) . The one by Muse and Gaut (1994) is restrictive in two ways. First, it does not have separate rate parameters for transitions and transversions. Second, it assumes that nonsynonymous substitutions occur equally likely. For example, two very different nonsynonymous substitutions, one involving AAT « GAT (resulting in Asn « Asp, with Grantham's [1974] distance = 23 between the two amino acids) and the other involving TGT « CGT (resulting in Cys « Arg, with Grantham's distance = 180), were assumed by the model to have the same substitution rate.
This assumption is known to be false. Amino acid substitutions occur more frequently between similar amino acids than between dissimilar ones (Clarke, 1970; Epstein, 1967; Grantham, 1974; Kimura, 1983: 152; Miyata et al., 1979; Sneath, 1966; Xia and Li, 1998; Zuckerkandl and Pauling, 1965) . Similar amino acid replacements do occur more frequently in the COI gene in the eight OTUs in our study (Fig. 2) . The genetic code of the invertebrate mitochondrion has 62 sense codons and 202 possible nonsynonymous codon pairs in which one codon can mutate into the other through a single nucleotide substitution (e.g., CTT « ATT). If all nonsynonymous substitutions occur with equal frequency, then the amino acid pairs involved in nonsynonymous substitutions will have Grantham's distance ranging from 5 (Leu « Ile) to 215 (Cys « port for topology 4 (86.24%) is larger than that from the HKY85 model that assumes a single k , for which the support is 80.52%. The log-likelihood of the former model is larger than the latter by 11.414, which is significant (P < 0.01), based on a likelihood ratio test with 9 df.
Because nucleotide frequencies differ substantially in the 16S gene among the six species (e.g., the frequency of T is 0.361 for I. hexagonus and 0.265 for A. franciscana), a more appropriate model should relax the assumption of stationarity. When I used such a non-homogeneous model, e.g., by specifying nhomo = 3 in the BASEML program, a larger likelihood value (2 1348.632) and a stronger RELL support (91.06%) were obtained for topology 4 from the 16S gene.
Phylogenetic Analysis of the COI and Coagulogen Gene
The COI gene was analyzed by using a recently developed codon-based model (Yang et al., 1998) . Codon-based models have Trp), as shown in the top panel of Figure 2 . The observed nonsynonymous substitutions involved amino acids pairs with only small to moderate Grantham's distances (Fig. 2,  bottom panel) . The bottom distribution is significantly more right-skewed than the top, indicating a strong purifying selection that has eliminated amino acid replacements involving large Grantham's distances. The model by Goldman and Yang (1994) accommodates potentially different substitution rates among different amino acid replacements by using dissimilarity measures between amino acids. This model has subsequently been improved (Yang et al., 1998) , and it is this improved model, referred to as the YRH98 model, that is used in this study for analyzing the COI gene. The YRH98 model uses dissimilarity indices between amino acids to accommodate the rate heterogeneity among different kinds of amino acid substitutions.
There are currently two amino acid dissimilarity indices in use, Grantham's distance (Grantham, 1974 ) and Miyata's distance (Miyata et al., 1979) . The latter has been shown to fit the observed codon substitution data better than Grantham's distance for mammalian mitochondrial DNA (Yang et al., 1998) , but this is not true for the COI gene from my group of OTUs. In this study, the YRH98 model is used in conjunction with Grantham's distance.
The best-supported topology is the same as that from the 16S gene (Table 3 and Fig.  1 ). The likelihood values for the 15 topologies derived from the COI gene are highly correlated with those derived from the 16S gene (Fig. 3) , indicating that the two genes contain similar phylogenetic information. and Martelius, 1995; Sharp et al., 1988; Sharp and Devine, 1989) , ribonucleotide availability (Xia, 1996) , and the conservativeness of the protein segment (Akashi, 1994) . These studies suggest that the pattern of synonymous substitutions in protein genes may differ between species, between genes, and even between different segments of the same gene. All these would contribute to the rate heterogeneity among
One shortcoming of the existing codonbased models is that they disregard the factors constraining synonymous codon usage in protein genes. Synonymous codon usage and consequently the synonymous substitution rate may be affected by the tRNA availability (Berg and Kurland, 1997; Gouy and Gautier, 1982; Ikemura, 1992; Sorensen et al., 1989; Xia, 1998b) , the level of gene expression (Bennetzen and Hall, 1982; Berg 2000 XIA-MOLECULAR PHYLOGENY OF HORSESHOE CRABS 93 TABLE 3. Likelihood statistics for the COI gene. See Table 2 for abbreviations. L. polyphemus and C. rotundicauda are each represented by two sequences: i.e., Lp should have been written as (Lp1, Lp2), and Cr as (Cr1, Cr2). Based on the geometric + G74 model (Yang et al., 1998 synonymous substitutions. Existing codonbased models all use a single rate parameter for synonymous substitutions.
The coagulogen gene also favors the grouping of T. gigas and C. rotundicauda ( Fig. 1 and Table 3 ), although none of the three phylogenetic hypotheses can be rejected statistically. Note that there is no outgroup to root the four horseshoe crab species. However, the root should be somewhere along the branch leading to L. polyphemus because otherwise we would have to assume an extraordinarily fast evolutionary rate in the L. polyphemus lineage.
The JTT-F model (Yang et al., 1998 ) was used in the maximum likelihood reconstruction. The main reason for using the empirical JTT-F model is that it has fewer parameters to estimate than a mechanical model, which makes it attractive given the limited length of coagulogen sequences. One problem with using the empirical JTT-F model is that the data are insufficient for deriving an amino acid substitution matrix exclusively from protein-coding genes of invertebrate mitochondrial DNA; consequently, the substitution matrix is based on a large-scale compilation of heterogeneous genes that may not necessarily reflect the substitution patterns of the COI gene in this study. Alternatively, one could use a mechanical substitution model that does not use an empirical substitution matrix, but instead uses an amino acid dissimilarity matrix (e.g., Grantham's distance or Miyata's distance) to accommodate rate heterogeneity among different kinds of amino acid substitutions. However, amino acid dissimilarity matrices are not really derived entirely independently of the empirical data. For example, if a matrix derived entirely on the basis of certain amino acid properties is then found to fit the empirical substitution data poorly, then the matrix will simply be discarded. In short, it is the empirical data, few of which are from arthropod mitochondria, that decide whether a distance matrix makes sense or not.
A maximum parsimony reconstruction revealed 83 amino acid changes for topologies 1 and 2 in Table 4 , 84 changes for topology 3. Thus, although the coagulogen tree is consistent with the topology derived from mitochondrial genes, it adds very little to resolving the phylogenetic relationship among the three Indo-Pacific species.
Combined Analysis of the COI and the 16S Gene
An alternative way of evaluating the relative support of the 15 possible topologies is to apply significance tests to the differences in likelihood between a hypothesized topology and the topology with the largest maximum likelihood value (Kishino and Hasegawa, 1989) . The two sets of results, one from the 16S rRNA gene (Table 2 ) and the other from the COI gene (Table 3) , can be combined for the significance test. Let L 16S.i and L COI.i be the likelihood values obtained from the 16S rRNA gene and the COI gene, respectively, for topology i (i = 1, 2, . . ., 15), and SE 16S.i and SE COI.i be the corresponding standard errors. We now compute which is the same as that for the alternative topology that groups T. gigas and T. tridentatus as a monophyletic taxon. However, the former is more strongly supported by the COI gene, with 394 steps, than the latter, with 407 steps. A combined analysis based on maximum parsimony statistics rather than maximum likelihood statistics can reject all alternative topologies at the 0.05 level except two: topologies 6, with P = 0.0581, and topology 11, with P = 0.0790. These two topologies differ from topology 4 in the relative position of the three Indo-Pacific species, with topology 6 grouping C. rotundicauda and T. tridentatus together, and topology 11 grouping T. tridentatus and T. gigas together. Avise et al. (1994) did not use a codonbased model, and excluded the third codon position of the COI gene from phylogenetic analysis. This might be wise when the third codon positions have experienced substitution saturation. In such cases, the phylogenetic tree reconstructed from only the third codon positions will often be rather different from that reconstructed from the first and second codon positions.
Phylogenetic Information in the Third Codon Positions
and Hasegawa, 1989) , and I wrote it out explicitly just to show that it is really appropriate only for a single comparison, not for multiple comparisons. For this reason, the interpretation of the test result is heuristic.
The test above is similar to the test implemented in the DNAPARS program in PHYLIP. In the latter, the differences in the number of character changes (steps) between the MP tree and alternative trees, and the SE of such differences, are calculated. A difference is declared significant at the 0.05 level if it is >1.96 SE.
Topology 4 is the best of the 15 possible topologies (Tables 2 and 3 ). Of the remaining 14 possible topologies, all can be rejected at the 0.05 significance level (Table 5) . The same conclusion can be made if we use alternative substitution models, such as HKY85, TN93, or REV models rather than the HKY85 model for the 16S gene. This consistent and overwhelming support for just 1 of the 15 possible topologies is quite remarkable because we typically encounter alternative topologies that receive similar amount of support, leaving us undecided and depressed.
A similar test based on maximum parsimony statistics produce only slightly different results. For the 16S gene, the number of steps for topology 4 (Fig. 1) is 402 Tables 2 and  3 . The topologies are rooted by Ixodes hexagonus and Artemia franciscana. Phylogenetic reconstruction using only the first and second codon positions of the COI gene and the F84 model supports the COI topology in Figure 1 , for which the RELL support is 80.32%. This topology is also supported when I apply various phylogenetic methods to the third codon positions only. The distance methods (both neighbor-joining and Fitch-Margoliash), using the proportion of different nucleotides between the two sequences as the distance, produced the same COI topology as shown in Figure 1 . The simple proportion is used because correction for multiple hits is unreliable for very diverged taxa. In addition, the maximum parsimony method also generates the same COI topology based on the third codon positions.
When the maximum likelihood method with the F84 model is applied to the third codon positions of the COI gene, the COI topology in Figure 1 is obtained when the transition/transversion ratio (k ) is set to 4.91, with the maximum likelihood value of 2 1132.34. However, when k is set to 5.19, a tree with a slightly larger maximum likelihood value (2 1132.19) is obtained which groups T. tridentatus and T. gigas as a monophyletic group. Given that the partial COI gene has only 194 codons and consequently only 194 third codon positions, such a minor difference can be attributed to sampling error. In short, the phylogenetic tree from the third codon positions of the COI gene is concordant with that from the first and second codon positions, and the wisdom of discarding the third codon positions without checking the presence of phylogenetic information (Avise et al., 1994 ) is therefore questionable.
Rate Heterogeneity over Sites and Gamma Models
One of the most perplexing problems in phylogenetics is the rate heterogeneity among sites. All popular phylogenetic methods appear to fail when different sites of the gene differ in substitution rate (Gaut and Lewis, 1995; Huelsenbeck, 1995; Kuhner and Felsenstein, 1994; Lockhart et al., 1996; Tateno et al., 1994; Yang, 1995 Yang, , 1997b .
There are two sources of rate heterogeneity over sites along molecular sequences.
The first, caused by differential selection pressure exerted on different sites, is well exemplified by different codon positions in a protein-coding gene (Xia, 1998a; Yang, 1996b) . The distribution of substitutions over nucleotide sites for the COI gene is significantly different from the expectation based on the Poisson distribution (Table 6 ). This rate heterogeneity among codon sites can be accommodated with a codon-based model. For example, if we use a nonoverlapping window of three neighboring sites (a codon) as a sampling unit, then the distribution of substitutions follows closely the Poisson distribution (X 2 = 6.82, df = 5, P = 0.2345).
The second source of rate heterogeneity is caused by differential selection pressure exerted on different gene segments. Different parts of a gene differ in functional importance (Irwin et al., 1991; Xia, 1998a) , and the functionally important sites tend to be more conservative than those functionally unimportant sites. Such rate heterogeneity among gene segments would lead to both rate heterogeneity among sites and autocorrelation in substitution rates between neighboring sites. For example, the distribution of substitutions over sites for the 16S sequences follows the Poisson distribution quite closely, based on a goodness-of-fit test (X 2 = 2.68, df = 3, P = 0.4436). However, if a nonoverlapping window of two or more neighboring sites is used as a sampling unit, then the distribution deviates signifi- The only case in which the gamma model did better than the non-gamma model involves amino acid sequences of the coagulogen gene (Table 8) . However, there is no strong indication of rate heterogeneity among sites for this gene because the distribution of amino acid substitutions follows the Poisson distribution quite closely (X 2 = 4.4, df = 2, P = 0.111).
Our result suggests that a gamma model that fits the observed substitution pattern better than a non-gamma model does not necessarily mean that the former will provide better phylogenetic resolution than the latter. This seemingly paradoxical result is in fact not difficult to understand. For a simple illustration, suppose the following four sequences are evolving according to the JC69 model (Jukes and Cantor, 1969) . Each sequence consists of one slowevolving segment (first four nucleotides) and one fast-evolving segment (last four nucleotides): Seq1: ACGTACGT Seq2: ACGTCGTA Seq3: ACGTGTAC Seq4: ACGTTACG A JC69 + gamma model would provide a significantly better fit to the data than its non-gamma counterpart, but the better fit has nothing to do with phylogenetic resolution, although it is expected to improve branch length estimates. If the first four sites of one sequence become fast-evolving, while the first four sites of the other three cantly from the Poisson distribution and follows closely the negative binomial distribution (Table 7) .
It is not surprising that substitution models with gamma-distributed rates fit the data much better than those that assume equal rates among sites (Table 8) . However, it is surprising that the former performed relatively poorly compared with the latter in recovering the "true" tree (i.e., the topologies in Fig. 1 ), the RELL support for the "true" tree being much smaller for the former than for the latter (Table 8) . Thus, the incorporation of gamma-distributed rates in the substitution models does not seem to help in phylogenetic analysis in these two invertebrate mitochondrial genes. Table 6 . The Poisson parameter l 5 1.99, P 5 0.0002, df 5 5. The distribution follows closely a negative binomial distribution, with X 2 5 2.3, df 5 5 (the last group was broken into two so that there are seven groups), P = 0.8069. The negative binomial coefficient k 5 2.8321. remain slow-evolving, then this situation violates the existing gamma models, which one would then expect to yield misleading phylogenetic results.
Phylogeny and the Horseshoe Crab Evolution
Most horseshoe crab fossils have been found away from the sea, and it is generally believed that the ancestors of the horseshoe crab inhabited brackish or freshwater environments (Chatterji, 1994:12-13) . Three extant horseshoe crab species (L. polyphemus, T. tridentatus, and T. gigas) are highly marine, but C. rotundicauda was reported to occur in the river Hooghly as far as 90 km away from the sea (Chatterji, 1994:26) . It is not known whether the endurance of freshwater environment in C. rotundicauda is ancestral or secondarily derived. The present analysis, showing that C. rotundicauda represents a most recently derived lineage, suggests that endurance is a derived character. These results also suggest that the common ancestor of modern horseshoe crabs was a marine inhabitant, which implies that the ancient forms of horseshoe crabs represented by fossils found in ancient freshwater environments are failed evolutionary offshoots.
C. rotundicauda and T. gigas are similar in size, and both much smaller than the other two horseshoe crab species. Whereas the former is found in brackish and occasionally in freshwater environments, and breeds in muddy shores, the latter is a purely marine form and breeds on sandy beaches (Chatterji, 1994:25-35) . This difference in habitat preference might have contributed to obscuring the phylogenetic relationship between the two species, which are grouped as a monophyletic taxon in my phylogenetic analysis of molecular sequences.
In summary, a combination of an increased amount of data and a judicious choice of phylogenetic methods have resulted in a better-resolved phylogenetic relationships among the extant species of horseshoe crabs. The phylogenetic information in the two mitochondrial genes is sufficient to reject 14 of 15 possible topologies for the four extant species of horseshoe crabs. Both mitochondrial and nuclear genes support the topology that groups Carcinoscorpius rotundicauda and Tachypleus gigas together as a monophyletic taxon. My results from comparisons among substitution models suggest that the current methods of handling the problem of rate heterogeneity over sites do not help in resolving conflicting phylogenies and should be used with caution.
